Background: Adequate antibiotic treatment is a prerequisite for the successful treatment of systemic infections. Based on accumulating scientific evidence, a fixed dosage regimen can lead to insufficient and ineffective antibiotic therapy. Thus, the aim of this study was to develop and validate a simplified, but sensitive method for the simultaneous quantification of antimicrobials by using liquid chromatography with tandem mass spectrometry (LC-MS/MS) for the development of personalized therapy regimens using therapeutic drug monitoring.
INTRODUCTION
In addition to the timely administration of appropriate antimicrobials, the effective treatment of infectious diseases in the critically ill patients requires a sufficient drug concentration at the site of infection. Current data from the Medusa (medical education for sepsis source control and antibiotics) study showed that only 58.1% of the patients were administered with an adequate antibiotic treatment exhibiting a 10.6% increase in survival. 1 Inadequate drug exposure from fixed dosage regimens based on noncritically ill patients may be one reason for antimicrobial treatment failure. 2 Traditionally, therapeutic drug monitoring (TDM) is used for drugs with a narrow therapeutic index to prevent toxicity. However, accumulating evidence stresses the importance of maintaining free drug concentrations that exceed the bacterial minimum inhibitory concentration for a specified time. [3] [4] [5] Moreover, the emergence of multidrug resistant microorganisms has dramatically increased in the last few years, [6] [7] [8] together with a lack of new antimicrobial substances emphasize the need for an optimized use of antimicrobials. 9 Currently, numerous indications render an individual dosage meaningful, at least in critically ill patients. In the critically ill patients, antibiotic pharmacokinetics are variably altered by fluid resuscitation using large volumes, body weight, organ dysfunction, augmented renal elimination, comorbidity, hypoproteinemia, and drug interactions, 10, 11 leading to changes in volume of distribution and drug clearance, and thus, the individual pharmacokinetics of ß-lactam antibiotics are unpredictable. 12 Therefore, TDM represents a meaningful possibility for optimizing therapy. [13] [14] [15] Nevertheless, TDM of various classes of antibiotics is largely limited by the lack of robust and rapid methods, particularly commercial procedures for their quantification in human plasma. Thus, several methods have been developed and validated in-house. High-performance liquid chromatography (HPLC) using ultraviolet detection has frequently been used. 16, 17 More sensitive and selective methods have been developed using HPLC coupled with tandem mass spectrometry (LC-MS/MS), 18, 19 however, only for the simultaneous measurement of one class of antibiotics, such as b-lactam antibiotics. Thus, a sensitive, specific, fast, and reliable method for the simultaneous quantification of antimicrobials of different classes in small sample volumes in a relatively short time is urgently needed to identify the under-dosing of the at-risk patients particularly in the case of parallel administration of different antimicrobials and to perform individual adjustments of treatment algorithms. Moreover, simultaneous quantification is also advantageous with regard to practical reasons in the laboratory workflow to save resources.
In this study, we aimed to develop and validate an LC-MS/MS procedure for the simultaneous measurement of 9 clinically relevant antimicrobials for use in daily clinical laboratory practice: aciclovir (ACV), ampicillin (AMP), cefuroxime (CFX), ciprofloxacin (CIP), meropenem (MEM), metronidazole (MTZ), piperacillin (PIP), rifampicin (RIF), and tazobactam (TAZ).
MATERIALS AND METHODS

Chemicals and Reagents
Analytical standards of ACV (purity of 99.7%), AMP (purity of 99.7%), CFX (purity of 95.1%), CIP (purity of 99.5%), MEM trihydrate (purity of 99.7%), MTZ (purity of 99.9%), PIP (purity of 94.4%), RIF (purity of 97.6%), TAZ (purity of 99.6%), and the internal standard dicloxacillin sodium salt monohydrate (purity of 100%) were purchased from Sigma-Aldrich (St. Louis, MO). The labeled internal standard piperacillin-d5 (purity of 99.6%, IS for PIP) was supplied by Toronto Research Chemicals (Ontario, Canada). LC-MS-grade methanol was purchased from Carl Roth (Karlsruhe, Germany). Formic acid was supplied by SigmaAldrich (St. Louis, MO). Pooled drug-free human lithiumheparin human plasma (collection tubes without a gel separator) was obtained from 8 healthy, untreated volunteers. Written informed consent was obtained from all participants. The study was approved by the local ethics committee (no. 4619/-11/15).
Calibration Standards, Quality Control Samples, and Internal Standards
Two stock solutions were prepared at a concentration of 1 g/L to prepare calibration standards and quality controls.
The stock solutions were prepared by weighing an appropriate amount of each antimicrobial and dissolving it in drugfree lithium-heparin plasma. The 100 mg/L working solution was prepared as a composite of all 9 antimicrobials. Further working calibration solutions were prepared by diluting the compound in drug-free lithium-heparin plasma at concentrations of 75, 50, 20, 10, 5, and 1 mg/L. Working quality controls were similarly prepared from the 100 mg/L working solution at concentrations of 2.5, 25, and 60 mg/L. The solutions were stored in the dark in brown tubes for up to 3 months at 2808C as 50 mL aliquots.
Dicloxacillin and piperacillin-d5 were dissolved in HPLC-grade water to achieve a final concentration of 1 g/L (stock solution) and 75 mg/L (working solution), respectively.
Sample Preparation
For protein precipitation, 50 mL of the internal standard piperacillin-d5 (75 mg/L) and 700 mL deproteinization solution (10 mg/L dicloxacillin in methanol) were added to 50 mL of calibration standard, quality control, or plasma samples. Samples were vortexed for 1 minute, and the tubes were then centrifuged at 16,000g for 5 minutes at room temperature. Approximately 200 mL of the supernatant was transferred to 2-mL screw-top glass vial with 250 mL glass inserts and silicon septa caps (Agilent, Santa Clara, CA) and 5 mL was injected for analysis.
LC-MS/MS Analyses
Analyses were performed using an Agilent 1200 series system (Santa Clara, CA) consisting of a thermostatic autosampler, a binary solvent delivery manager, and a thermostated column compartment. Chromatographic separation was achieved using a Kinetex F5 core-shell reverse-phase column (50 · 2.1 mm, 100 Å pore size, 2.6 mm particle size; Phenomenex, Aschaffenburg, Germany) and a corresponding F5 precolumn with a 2.1-mm internal diameter (Phenomenex, Aschaffenburg, Germany). The column compartment was maintained at a temperature of 40 6 18C. Mobile phase A consisted of 0.1% formic acid in water, and mobile phase B consisted of 0.1% formic acid in methanol. After every injection, the needle was washed in a flush port for 15 seconds in 50% methanol. Furthermore, the main pass and bypass of the sample loop were washed 5 times between the injections.
The 9 antimicrobials were separated in 2 consecutive chromatographic runs with different gradients for positive and negative ionization. The quantification of ACV, AMP, CIP, MEM, MTZ, PIP, and RIF was performed in positive mode (hold at 100% B for 0.5 minutes with a flow rate of 200 mL/ min, 100%-0% B from 0.5 to 1 minute with a flow rate of 400 mL/min, 0%-50% B from 1 to 2 minutes with a flow rate of 400 mL/min, 50%-0% B from 2 to 3 minutes with a flow rate of 400 mL/min, hold at 0% B until 3.5 minutes with a flow rate of 400 mL/min, 0%-100% B from 3.5-4 minutes with a flow rate of 400 mL/min, hold at 100% B hold until 4.5 minutes with a flow rate of 400 mL/min, and hold at 100% B until 5 minutes with a flow rate of 200 mL/min). Negative mode was used to measure the CFX and TAZ concentrations (hold at 100% B for 0.5 minutes with a flow rate of 200 mL/min, 100%-0% B from 0.5 to 1 minute with a flow rate of 400 mL/min, 0%-30% B from 1 to 2 minutes with a flow rate of 400 mL/min, 30%-0% B from 2 to 2.5 minutes with a flow rate of 400 mL/min, 0%-100% B from 2.5 to 4 minutes with a flow rate of 400 mL/min, hold at 100% B until 4.5 minutes with a flow rate of 400 mL/min, and hold at 100% B until 5 minutes with a flow rate of 200 mL/min).
Detection was conducted with an API4000 LC-MS/MS System (AB SCIEX, Framingham, MA) equipped with an electrospray ionization source. The instrument was operated in multiple reaction monitoring (MRM) mode with the following instrument settings: collision gas: 8 psi, curtain gas: 10 psi, nebulizer gas: 55 psi, heater gas: 55 psi, ion spay voltage: 5500 V/-4500 V, heater temperature: 5508C, and entrance potential: 10 V. Nitrogen was used as the collision gas. For each antimicrobial, 2 transitions, 1 for quantification (quantifier) and 1 for confirmation (qualifier), were detected. Compound-specific instrument parameters were optimized for each transition to obtain the most robust and intense signal ( Table 1) .
Eight-level calibration was performed daily, and concentrations were calculated using Analyst 1.5.1 software (AB SCIEX, Framingham, MA). The calibration curves were generated by a quadratic fit of the antimicrobial/IS standard area response ratio plotted against the nominal concentration of the standard sample (1/x weighting).
Validation
Validation was performed according to the current Food and Drug Administration (FDA) and European Medicines Agency (EMA) guidelines. 20, 21 The developed method was validated in terms of selectivity, specificity, sensitivity, lower limit of quantification (LLOQ), carry-over, linearity, accuracy, precision, dilution integrity, matrix effect, and stability.
Selectivity
Six individual sources of blank matrix were individually analyzed and evaluated for interferences from endogenous components with the antimicrobials of interest. The absence of interferences was accepted as a response of less than 20% of the LLOQ for the analytes and 5% for the internal standards.
Specificity, LOD, and LLOQ
About 100 mg/L solution of each antimicrobial was separately analyzed to determine specificity. Interferences between the antimicrobials should be less than 20% of the LLOQ for the analyte. The LLOQ was defined as the lowest concentration with a precision of 620% and accuracy of 80%-120%. Therefore, samples with concentrations that were approximately the same as the expected LLOQ (0.25, 0.5, 0.75, and 1 mg/L) were analyzed. The limit of detection (LOD) was calculated by multiplying the background of the mean of 10 measurements of a blank sample of pooled lithium-heparin matrix by 3.
Carry-Over
Carry-over was assessed by injecting 3 blank samples after the highest calibration standard (100 mg/L). In the first blank, the carry-over should be less than 20% of the LLOQ for the analytes and 5% for the internal standards.
Linearity
Linearity was assessed by measuring triplicates 2-fold serial dilutions of the highest calibration standard (100 mg/L) within ranges of the LOD in drug-free lithium-heparin plasma.
Accuracy and Precision
The accuracy and precision of the method were repeatedly quantified using 4 concentrations of quality control samples (LLOQ, 2.5, 25, and 60 mg/L) 10 times within a run (intraday) and in a single series per day on 10 different days (interday). The mean value should be within 15% (20% for LLOQ) of the nominal values for the quality control samples. The determined precision should not exceed 15% (20% for LLOQ) of the coefficient of variation.
Dilution Integrity
Dilution integrity was validated to quantify drug concentrations greater than the calibration interval, which may occur during the analysis of samples from actual patients. The blank matrix was spiked with a concentration exceeding the highest calibration standard (150 mg/L) and diluted 2-fold or 5-fold with blank matrix after sample processing. The accuracy and precision should be within 85%-115% and 615% in 5 determinations per dilution factor, respectively.
Recovery
For the recovery study, several concentrations of the compounds (2.5, 25, and 60 mg/L) were prepared in 6 different blank matrices. Recovery was calculated as the mean ratio between the peak area of spiked samples after extraction and before extraction. The variation in recovery among all concentrations should be less than 15%.
Matrix Effect
The matrix factor was determined using the blank matrix from 6 individual donors by calculating the ratio of the peak area of spiked blank matrix after sample processing to the peak area in the absence of matrix (50% methanol) for 3 different concentrations of antimicrobial (2.5, 25, and 60 mg/L). The internal standard-normalized matrix factor (the matrix factor of the analyte divided by the matrix factor of the internal standard) should not show a variation greater than 15%. In addition, the effects of increased hemolysis, icterus, and lipemia on each analyte were examined in 2 different donors compared with normal levels. Therefore, samples were spiked with 100 mg/L antimicrobials, and accuracy was determined.
Stability
Stability studies included analyses of the stability of the stock solution and working solution, freeze and thaw stability, and the stability of extracted samples at room temperature and in the autosampler (108C). Concentrations of analytes in solutions stored for up to 3 months at 2808C were compared with fresh samples to evaluate the stability of the stock and working solutions. The short-term stability of the processed sample at room temperature and the processing temperature (autosampler at 108C) was analyzed at 3 concentrations (2.5, 25, and 60 mg/L) for 5 and 24 hours.
Acceptance Criteria for an Analytical Run
Acceptance criteria for each analytical run were defined by considering the following issues: the precision of the internal standard, accuracy, calibration range, and reinjection of study samples. The precision of the internal standard during the analytical run was determined as the variation of each sample from the mean of the peak area of the calibration standards. This variation should be less than 12.5%. The back-calculated concentrations of the calibration standards should show an accuracy ranging from 85% to 115%. At least 75% of the calibration standards (at least 6) should fulfill these criteria. Calibration standards that did not meet these criteria were excluded from the calibration curve. If the excluded calibration standard was the LLOQ or the highest standard, the calibration range was revised to the next lowest or highest calibration standard, respectively. Furthermore, at least 2 of the 3 quality controls should also fulfill the internal standard and accuracy criteria. Criteria for the reanalysis of study samples were predefined as not fulfilling the internal standard criteria, a concentration was obtained that exceeded the calibration range, and implausible results.
Clinical Samples
We evaluated the applicability of the newly developed LC-MS/MS method by processing plasma samples from 1 patient who was treated with a standard dosage (13. 
RESULTS
Method Development
Antimicrobials eluted at retention times ranging from 1.1 to 2.2 minutes under the chromatographic conditions described above. Representative MRM chromatograms for ACV, AMP, CFX, CIP, MEM, MTZ, PIP, RIF, and TAZ, as well as dicloxacillin and piperacillin-d5, are shown in Figure  1 . The analytical run time was 5 minutes for each ionization mode, including the time needed to equilibrate the column to baseline conditions before the next injection.
Validation Results Selectivity
Endogenous compounds in the 6 individual donors of blank matrix did not show interferences greater than 20% of the LLOQ for the analytes and 5% for the internal standards (Supplemental Digital Content 1, http://links.lww.com/ TDM/A269, which illustrates the selectivity of the developed method). 
Specificity, LOD, and LLOQ
No interferences greater than 20% of LLOQ of the analyte were observed for the analyzed antimicrobials (Supplemental Digital Content 2, http://links.lww.com/ TDM/A270, which illustrates the specificity of the developed method). The LOD for ACV, AMP, CFX, CIP, MEM, MTZ, PIP, RIF, and TAZ was 0.02, 0.67, 0.001, 0.17, 0.14, 0.008, 0.02, 0.05, and 0.005 mg/L, respectively, and the LLOQs for all antimicrobials were 1 mg/L. Data for accuracy and precision at the LLOQ are summarized in Table 2 .
Carry-Over
Peak areas observed in a blank sample measured after the highest calibration standard were 18.2, 19.9, 12.7, 19.8, 8.9, 19.9, 18.7, 17.9 , and 11.4% of the LLOQ for ACV, AMP, CFX, CIP, MEM, MTZ, PIP, RIF, and TAZ, respectively. The internal standards dicloxacillin and piperacillin-d5 showed a carry-over of 1.1% (positive ionization)/0.2% (negative ionization) and 0.3% of the LLOQ, respectively.
Linearity
The calibration curves were calculated by determining the peak area ratio from the antimicrobial and the internal standard at 8 standard concentrations (including a zero sample). Quadratic regression analyses with a weighting scheme of 1/x provided the best description of the generated data set. The regression coefficient for all calibration curves was greater than 0.99. Linearity was established between 0.1 and 100 mg/L for ACV, CFX, and TAZ, between 0.2 and 100 mg/L for MEM and PIP, between 0.39 and 100 mg/L for AMP and RIF, and between 0.78 and 100 mg/L for CIP and MTZ.
Accuracy and Precision
Data for intraday and interday accuracy and precision are summarized in Table 2 . Within-day accuracy ranged from 85.1% to 114.9%, with a mean of 103.4%. Between-day accuracy ranged from 94.5% to 114.9% (mean: 102.1%). Intraday and interday coefficients of variation ranged from 1.3% to 5.5% and 1.8% to 11.9%, respectively. Overall, the results indicate the establishment of a reproducible method for each compound.
Dilution Integrity
Accuracy values for dilution integrity at 2-fold and 5-fold dilutions were 21.6% and 20.9% for ACV, 24.1% and 8.0% for AMP, 0.6% and 2.3% for CFX, 214.3% and 26.3% for CIP, 29.1% and 27.8% for MEM, 9.9% and 8.9% for MTZ, 214.8% and 214.9% for PIP, 21.1% and 23.9% for RIF, and 4.8% and 20.7% for TAZ, respectively. Precision was found to be 1.3% and 3.5% for ACV, 3.1% and 1.3% for AMP, 2.7% and 3.6% for CFX, 3.2% and 3.3% for CIP, 1.6% and 2.2% for MEM, 6.0% and 3.9% for MTZ, 1.8% and 2.7% for PIP, 1.6% and 3.5% for RIF, and 3.4% and 2.4% for TAZ at these 2 dilutions, respectively.
Recovery and Matrix Effect
Recovery, matrix factor, internal standard-normalized matrix factor, and variability of matrix effect at different concentrations are summarized in Table 3 . The recovery of all compounds at all concentrations was greater than 88.9%. The variation in the matrix effect among all concentrations was less than 15%. Increased hemolysis, icterus, and lipemia had no effects on the measurement of ACV, AMP, CFX, CIP, MEM, MTZ, PIP, RIF, and TAZ concentrations (Table 4) .
Stability
The concentrations of antimicrobials in extracted samples were stable in the autosampler (108C) for 5 hours for CIP and MEM and for 24 hours for ACV, AMP, CFX, MTZ, PIP, RIF, and TAZ. At room temperature, ACV, AMP, CFX, CIP, MEM, MTZ, RIF, and TAZ concentrations were stable in processed samples for 5 hours, and PIP for 24 hours. Stock solutions and working solutions of the antimicrobials and internal standards were stable at 2808C for 3 months.
Clinical Application
Antimicrobial concentrations in plasma obtained from 2 selected patients are illustrated in Figure 2 . The control patient treated with a standard dosage showed high intraindividual differences in antimicrobial concentrations over 
DISCUSSION
In this study, we developed and validated a LC-MS/ MS-based method that simultaneously measured the concentrations of 9 antimicrobials (ACV, AMP, CFX, CIP, MEM, MTZ, PIP, RIF, and TAZ) accurately and precisely in small amount (50 mL) of plasma. Other investigators have also determined drug concentrations in low plasma volumes. However, most studies included antimicrobials of the same drug class and no antivirals. 16, 18 The ability to simultaneously determine the concentrations of antimicrobials from different substance classes, including antivirals, is a milestone in the dose adjustment of antimicrobials, particularly in critically ill patients with unpredictable pharmacokinetics.
Method Development
Several combinations of different mobile phases and reverse-phase HPLC columns were tested to achieve the simultaneous measurements of the concentrations of the selected antimicrobials with a short retention time and a high response. Of all possible combinations of mobile phases consisting of water and acetonitrile or methanol as organic phase, a mobile phase composed of water and methanol with 0.1% formic acid offered the highest MS response. Other parameters such as column oven temperature and injection volume were also optimized for a fast and reliable separation. The best results were observed when 408C (versus 30, 50, or 608C) was used as the column oven temperature and 5 mL (versus 10, or 20 mL) were injected.
The simple and straightforward extraction process (protein precipitation) provided excellent recovery (.88%) of all antimicrobials. Thus, the extraction procedure used in this method exhibits a high level of efficiency in sample preparation and high-throughput processing of patient samples. In addition to the simplicity of the sample processing procedure, the major advantage of our method is the simultaneous measurement of 9 antimicrobials in just 2 runs. The short chromatographic run time of 10 minutes is another advantage, which is comparable with previously described methods ranging from 3.5 to 11.8 minutes. 18, 19, 22, 23 Methods with significantly shorter chromatography times have been reported, but only one ESI mode was used for detection. [24] [25] [26] [27] Validation Carry-over should be addressed and minimized during method validation. In contrast to other published procedures, 17 ,22,23 a carry-over study was conducted here, and no carry-over was detected.
The LLOQ for all antimicrobials for the developed quantification method was 1 mg/L. Considering the breakpoint minimum inhibitory concentrations for many pathogens, it is particularly difficult to treat pathogens observed in critically ill patients with Staphylococcus aureus (0.03-4 mg/L) and Pseudomonas aeruginosa (0.5-16 mg/L), 28 an LLOQ of 1 mg/L meets the clinical needs for adequate TDM. Furthermore, similar results for LLOQs ranging from 0.5 to 0.96 mg/L were in agreement with other studies, 18, 25 while methods using cleaner but more complex extraction procedures (solid-phase extraction or protein precipitation combined with liquid-liquid extraction) not surprisingly produced better results (LLOQ: 0.1-0.5 mg/L). 22, 23 The accuracy and precision of the concentration ranges for the developed method meet the requirements listed in the guidelines of EMA and FDA and were similar to or better than values reported in other publications. 16, 24, 25 These results indicate a robust and reliable quantification.
We used a compromise for calibration ranges because of the wide range of concentrations of antimicrobials used during the different stages of treatment. Thus, some samples required further dilution.
In contrast to methods described in other previous publications, 17,22-24 a dilution integrity study was conducted in this study with an imprecision and bias of 15%, according to the EMA and FDA criteria.
Matrix effects of lithium-heparin plasma are attributed to ion suppression or ion enhancement effects. The use of standards diluted in the blank matrix compensates for these observed matrix effects, and importantly, the signal was consistent across the 6 tested plasma matrices. The variations in the accuracy and precision of these different plasma batches were within the limits of the guidelines, indicating that no further sources of variation were introduced by the use of different plasma sources. Therefore, the measurement of samples from different patients should be considered as reliable and comparable.
Antimicrobials, particularly piperacillin, have been shown to absorb to the gel barrier in collection tubes with a gel separator. 29 Thus, antimicrobial concentrations should be measured in plasma collected in tubes without gel separators as performed in this study. The poor stability of antimicrobials, particularly b-lactam antibiotics, at room temperature and under refrigeration is well described. Thus, precautions should be taken, for example, the use of a cooled autosampler, extraction of samples immediately before the measurement, and a minimal storage time at room temperature, to prevent the decomposition of antimicrobials in the processed samples. The stability of some antimicrobials, such as piperacillin, meropenem, and tazobactam, is reduced (not more than 20 days) in plasma samples stored at 2208C or 2308C. 22, 25, 30 Consequently, stock solutions, working solutions, and samples should be stored at 2808C. Under these conditions, our solutions were stable for up to 3 months, confirming other observations of stability for 2 to 8 months. 16, 30, 31 According to the literature, plasma samples and samples extracted in methanol are stable at room temperature from 4 to 12 hours 16, 17, 19, 23 and less than 6 hours. 30 Regarding previous published data and our results, the time for which plasma and processed samples are stored at room temperature and in the autosampler should be minimized.
Although the validation criteria were fulfilled, the developed method had some limitations, with regard to the LC method. The 9 analyzed antimicrobials display differences in their chemical characteristics, and thus, the separation as well as peak shape of some drugs is limited, particularly ACV and MEM. Measurements of the antimicrobials without matrix excluded artifacts (see Figure, Supplemental Digital Content 3, http://links.lww.com/TDM/A271, which shows a representative chromatogram without matrix).
CONCLUSIONS
A short, robust, and reliable LC-MS/MS procedure for the quantification of 9 antimicrobials in small samples of human plasma was developed in this study. The assay was successfully validated in terms of selectivity, specificity, sensitivity, carry-over, linearity, accuracy, precision, dilution integrity, recovery, matrix effect, and stability. The simple sample preparation procedure and short chromatographic run time saves time. Therefore, this method can be applied daily to meet all requests in one sequence run.
